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Abstract
Extensive work has been undertaken to develop niobium based structural alloys
for high temperature applications. These developments have led to the increase in engine
operating temperatures and better performance efficiency. New materials including alloys based
on metals with higher melting points such as molybdenum and niobium with silicon are now
being examined as a better alternative to nickel base superalloys. Materials with a niobium
silicide based composites have the potential for higher temperature capabilities. The oxidation
behavior of Nb-20Cr-10Si and Nb-20Cr-10Si-5Al has been studied in a range of temperature
from 700 to 1400°C in static air. Isothermal oxidation experiments indicate that addition of 5
atomic percent Al is beneficial in reducing the weight gain per unit area. The phases present
include Nb solid solution, NbCr2, Nb5 Si3 and Nb9Si2Cr3 . However, low temperature pesting
appears to be a problem especially at 800°C. High temperature oxidation is characterized mainly
by spalling. Internal oxidation has been observed by the formation of Al2O3 along the interfaces
of (a)Nbss and NbCr2 and (b)Nbss and Nb5Si3 .
The oxidation behavior of the Nb-25Cr-15Si-20Mo-10B and Nb-25Cr-15Si-20Mo-15B
has also been studied in a range of temperature from 700 to 1400°C in static air. Isothermal and
cyclic oxidation testing revealed that higher boron content is beneficial for the increase of
oxidation resistance. The phases present include NbCr2, Nb5Si3 with the formation of Nbss being
suppressed by the increase of Mo and B. The addition of boron is seen to suppress low
temperature pesting and the presence of spallalling is eliminated from the boron alloys exhibiting
a continuous well adhered oxide layer. All alloys were characterized by SEM and XRD
including BSE, EDS and x-ray mapping modes in SEM.
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Chapter 1: Introduction
Extensive work has been undertaken to develop niobium based structural alloys for high
temperature applications. Jet turbine engines have benefited from the development of nickel
based super alloys over the decades. These developments have led to the increase in engine
operating temperatures and better performance efficiency. New materials including alloys based
on metals with higher melting points such as molybdenum and niobium with silicon are now
being examined as a better alternative to nickel base superalloys. In advanced turbine engines
the hottest locations may approach temperatures up to 1500˚C, approaching upper temperature
operational limits. Materials with a niobium silicide based composites have the potential for
higher temperature capabilities. The melting points of these alloys exceed 1750˚C and densities
ranging from 6.6 to 7.2 g/cm3 .[1-3] Nb based silicides in the form of composites seem to be
another promising family of materials for the use in aircraft turbine engines that will enhance
their performance. These types of materials contain niobium silicides with high strength while
niobium solid solution (ductile phase) provides the necessary toughness.[4]
Previous studies show Nb alloys suffer from several undesired types of oxidation
mechanisms, such as pesting and spallation. One of the challenges seen by researchers in NbCr 2
is the breakdown of the oxide scale into an outer Cr2O3 layer and a thin inner layer of CrNbO4[5].
The break down can be attributed to the volume expansion caused by the formation of Nb 5Si3
and Cr2O3 at grain boundaries causing high residual stresses[5]. The addition of certain alloying
elements are added to control the break down and spallation[5]. The effect of aluminum
additions on the oxidation of alloy systems other than Nb based has been studied and has been
found that Al can significantly reduce the occurrence of spallation[5]. Additions of Cr, Al and
Ge have been reported to enhance oxidation resistance while Si provides oxidation and creep
1

resistance through the formation of various refractory metal silicides such as Nb 5 Si3, and Laves
phase NbCr2[6-8]. The silicides and Laves phases have been shown to provide high temperature
strength and oxidation resistance while Nb solid solution provides ductility and fracture
resistance at ambient temperatures[6]. While Mo5Si3 and MoSi2 are two silicides of importance
in the Mo-Si system because they offer high creep and oxidation resistance up to 1700°C.
Alloys with a niobium and molybdenum base have high melting points and creep resistance
when alloyed with silicon and other elements that enhance the oxidation resistance such as just
mentioned Al, and Cr along with others like B, Ti and Mo to name a few[7] Additions of boron
were shown to increase the oxidation resistance of molybdenum silicides.
Three alloys have been studied in this research:
1. Nb-20Cr-10Si (20-10)
2. Nb-20Cr-10Si-5Al (5Al)
3. Nb-25Cr-20Mo-15Si-15B (15B)
The scope of the research was only to study the oxidation behavior of these alloy systems when
undergoing static oxidation and long term oxidation testing. The alloys were studied in a range
of temperatures from 700-1400°C in static air. Alloys 1 and 2 were studied to understand the
effect of the addition of aluminum on the oxidation resistance of Nb-20Cr-10Si alloy. Alloy 3
was studied to understand the effect of the 15B on the Nb-Cr-Mo-Si-B system in comparison to
the Nb-25Cr-20Mo-15Si-10B alloy previously studied.

2

Chapter 2: Literature Review
2.1 OXIDATION MECHANISM

To understand the scope of this project it is essential to understand the mechanism of
high temperature oxidation. High temperature oxidation of a metal is a corrosion process
involving the reaction between metal and atmospheric oxygen at elevated temperatures [5]. With
the exception of gold, no pure metals or alloys are stable in air at room temperature. All metals
tend to form oxides while in many instances the rate of reaction is slow at lower temperature
regimes. Reaction rates increase rapidly with any increase in temperature, and at very high
temperatures most reactions completed within a few minutes. Therefore, depending on the
equilibrium conditions, oxygen-metal reactions are almost always likely to occur, and oxidation
problems are mostly reduced to determining the reaction rate [6]. The oxidation of an alloy is a
more complex process than the oxidation of a pure metal. The formed oxides may either solve in
each other or form separate phases. In some cases contents of metals in the oxide scale differ
from the alloy composition due to several factors: 1) the alloy components may have different
affinities for oxygen. Some of them oxidize more rapidly than others, and in other alloys only
one component oxidizes causing selective oxidation. 2) Different alloy components may have
different diffusion coefficients in the oxide and alloy, which causes preferential oxidation of the
component or phase having a higher diffusivity. 3) Complex, ternary and higher, oxide
compounds may be formed in oxidation of the alloys. 4) Some alloy components may oxidize
out of the scale- within the alloy bellow the metal scale interface [5].
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Different mechanisms can occur during oxidation of the alloy composed of the base
metal M and the alloying element B. The progression of the oxidation process depends on the
alloy’s composition, environmental condition and other influencing parameters are [6] :
- Free energy of oxide formation

,

- Their relative difference (
- Maximum solubility of oxygen in the base metal (

)

- Concentration of alloying element (
Where

represents Gibbs free energy and C is the concentration. High temperature oxidation

can be divided into two basic procedures: 1) Oxidation process when oxygen atoms do not
dissolve in the base metal and 2) Oxidation process where the base metal exhibits solubility for
oxygen. Looking at the first case the reaction begins at the metal/gas interface and the products
of this reaction is the formation of an intermediate layer between the alloy and gas. The possible
forms that can be created by this intermediate layer are numerous; the form may even alter as the
reaction progresses. For the reaction to precede one or both reactants must penetrate the scale,
for example, either metal must be transported through the oxide to the oxide/gas interface and
react, or oxygen must diffuse to the oxide/metal interface and react there. The mechanisms by
which the reactants may penetrate the oxide layer are an important part of the mechanism by
which high temperature oxidation occurs. Metal oxides are iconic in nature, it is clear that ions
and electrons must migrate in order for the reaction to proceed.
The formation of oxide scale is usually the characteristic of high temperature oxidation
and it forms on the surface of the oxidizing metal. A layer is characterized as an oxide scale
when it measures above 3000 Å anything below this is called a film. A scale can be categorized
into two groups depending on the structure: 1) Protective scales preventing access of oxygen to
4

the metal surface due to non-porous continuous structure of the oxide layer and 2) non-protective
scale has a loose porous structure providing free access of oxygen to the underlying metal. For
this research the desired oxide layer is a protective scale to prevent further oxidation due to the
atmospheric conditions [5,6]. Oxides with volume much greater than that of the metal from
which the oxide is forming causes the development of compressive stresses. The stresses may
lead to cracking and spalling of the oxide scale, which results in faster penetration of the oxygen
to the surface of the metal [5]. Cyclic oxidation is an important mode of environmental
durability testing for high temperature material applications requiring repeated heating and
cooling. The key issues are oxide scale growth during heating and scale spallation during cooling
which is attributed to the thermal expansion mismatch due to stresses. Previous research has
shown the total amount of material consumed is a multifaceted function of the growth kinetics
and degree of spallation. The Nb-20Cr-10Si and Nb-20Cr-10Si-5Al alloys from this study both
exhibit spalling in the higher temperature ranges from 1100˚C to 1300˚C [6].

2.2 INTERNAL OXIDATION
Another type of oxidation mechanism present within the Nb-10Si-20Cr-5Al and Nb25Cr-20Mo-15Si-15B alloy is internal oxidation. The basic conditions that have to be satisfied
for the internal oxidation process in an alloy to occur are: 1) Free-energy formation per-mole of
oxygen for the solute metal oxide must be more negative than the free energy formation permole of oxide of the base metal (lowest oxide). 2) The free-energy change for the reaction of
dissolved oxygen with solute to for solute metal oxide in the solvent lattice must be negative for
example:

5

So therefore, at the oxidation temperature of the base metal must exhibit enough high solubility
and diffusivity for sufficient oxygen to establish the required activity of the dissolved oxygen
atoms at the reaction front, the dissolved concentration of oxygen must present an oxidizing
atmosphere for the alloying element 3) The diffusivity of oxygen in the solid solution must be
greater than the diffusivity of the alloying element if not the oxidation processes occur only at
the free surface. This is due to the faster diffusion of the solute atoms and their concentration in
the surface layer never drops to zero and the oxygen atoms cannot diffuse further into the alloy.
4) Finally the solute concentration of the alloy must be lower than that required for transition
from internal to external oxidation. Oxide particles that have precipitated present a challenge for
the diffusion of oxygen. The precipitates may exist in the critical concentration of alloying
elements where the volume fraction of oxides at the internal oxidation front increases to a value
that prevents further diffusion of oxygen into the un-reacted metal of the alloy.
The mechanism of internal oxidation involves diffusion of oxygen inward, nucleation of
oxides, growth of the oxide particles due to diffusion of both ions of oxygen and the ions of the
alloying element [6]. This occurs when an element has a high affinity for oxygen and so the first
oxides that precipitate will be the most stable oxides. The size of the oxides vary by the
nucleation and growth process, for example, the longer time the particle has to spend between
the oxide forming element and the time the oxygen disperses the larger the oxide will grow [6].
Also the diffusivity of oxygen in the matrix should be greater than that of the alloying element,
while the penetration of the internal oxidation inward should be faster than the rate of the scale
formation [6].
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2.3 OXIDATION KINETICS

Three basic kinetic laws have been used to characterize the oxidation rates of pure
metals. It is important to note that these laws are based on relatively simple oxidation models.
Practical oxidation problems usually involve alloys and considerably more complicated
oxidation mechanisms and scale properties than considered in these simple analyses. The first of
these laws is the parabolic rate law, which assumes that the diffusion of metal cat-ions or oxygen
anions is the step that controls the rate of oxidation and is derived from Fick’s First Law of
diffusion. The concentrations of diffusing species at the oxide-metal and oxide-gas interfaces are
assumed to be constant. The diffusivity of the oxide layer is also assumed to be invariant. This
assumption implies that the oxide layer must be uniform, continuous and of the same single
phase type, even for pure metals this assumption is rarely valid. According to the Arrhenius type
relationship the rate constant, kp, changes with temperature:

Where x, is the oxide film thickness also known as the mass gain due to oxidation which is
proportional to the oxide film thinness, t is the time, kp is the rate constant proportional to the
diffusivity of the ionic species that is rate controlling and xo is constant.
The logarithmic law is an empirical relationship with no fundamental underlying
mechanisms. The logarithmic law may be applied to thin oxide layers formed at relatively low
temperatures; therefore it is rarely applicable to high temperature applications. The rate constant
kp, changes with temperature according to another Arrhenius type equation:

Where ke is the rate constant and c and be are constants.
7

The linear rate law is also an empirical relationship that is applicable to the formation and
build-up of a non-protective oxide layer.

Where kl is the rate law constant. With parabolic behavior it is shown that the oxidation rate
will decrease with time due to the increased oxide thickness acting as a diffusion barrier with
time. This is not the case with the linear rate law due to the formation of a porous, poorly
adherent and sometimes cracked non-protective oxide layer, making the linear rate model an
undesirable oxidation mechanism [8-10].

2.4 OXIDATION OF NB
Extensive research on the oxidation of Nb has been done since the early 1940’s [11 -16].
The application of niobium is becoming more wide spread because of several favorable
properties such as a high melting point, 2415°C, low specific weight, and promising corrosion
resistance. However, a drawback is its tendency to oxidize easily. The oxidation of niobium is a
complex process. Several oxides form and the oxidation kinetics is either parabolic or linear,
being dependent on the temperature, pressure of oxygen and the time of oxidation. Depending
on the temperature and oxidation rate the following oxides have been identified: NbO, NbO z, and
Nb2O5. The NbO z not only is formed below 500°C and at low oxygen pressure as reported in
literature but also high oxidation rates in air up to 600°C.
The temperature at which niobium oxidizes is determined by the properties of the oxides
produced. Below 600°C the Nb2O5 formed in air is a fine loose powder indicative of pest
oxidation, and is a rather dense oxide product. The Nb2O5 may also flake off when cooling
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down to room temperature indicating the spalling of the oxide scale. The NbO z oxide has a
needle like morphology and tends to have better adherence to the base metal.

In the publication The Oxidation of Niobium and the Structures of Niobium Oxides
Arbuzov [16], studies the results for the oxidation kinetics of niobium in air from 500 to 1000˚C.
He found that the oxides α-Nb2O5(orthorhombic) is formed up to 850˚C and above this β-Nb2O5
also orthorhombic but with the lattice constants nearly twice as large. In his study Arbuzov,
showed the initial oxidation product on the pure niobium was a dark grey continuous film of αNb2O5. After about 10 minutes yellowish particles appeared around the edges and they were
found to be crystalline form of Nb2O 5. The yellow particles steadily increased in number and
became a layer that was a light detachable powder at 500 and 550˚C. Above 650˚C, the Nb
became coated with an oxide film that firmly adhered at all temperatures through oxidation; the
outer layers of this oxide scale gradually fell off at 600˚C. Eventually this scale broke off into
flakes and gradually further splitting into thin soft plates parallel to the face, this is known as
spallation.[16] Niobium is known for its poor oxidation resistance because it has a high
solubility for oxygen. In Arbuzov’s study he saw the formation of Nb 2O5 which also has a large
volume expansion coefficient, the volume ration is also high causing internal stressed which
caused the cracking in the oxide layer causing it to spall off.

2.5 SILICIDE AND LAVES PHASE IMPROVEMENT ON OXIDATION RESISTANCE

Niobium, a body-centered cubic (BCC) Group VA element, is one of the four major
refractory elements used in superalloys along with molybdenum, tungsten and tantalum [17].
Studies of the Nb-Si composites that consisted of a bcc niobium, Nbss with Nb3Si and or Nb5 Si3
9

suggest that these alloys exhibit excellent creep strength but poor oxidation resistance and
fracture toughness [3]. These alloying elements added singularly or in combination, contribute
to solid solution strengthening, strengthening through carbide formation and in the case of
niobium to precipitation hardening as well. Niobium, as a refractory element, is of lower
modulus, melting point and density than the other refractory elements [17]. The early studies
focused mostly on the use of alloying addition to reduce the oxidation kinetics of Nb alloys by
modifying the oxidation products. These early efforts were unsuccessful because of the
formation of Nb2O5, a non-protective oxide which they found to be too dominant to be altered by
any alloying addition [18]. Later studies focused on an aluminide based system and the use of Al
addition to improve oxidation resistance of the Nb based alloys through the formation of a
protective alumina layer, while they were feasible alloys their melting temperatures were too low
and were too brittle to be used as a structural material. In recent effort researchers have focused
mostly on materials that contain a substantial amount of niobium silicide and Laves phases. The
systems of alloys that are being studied have Al, Cr, Mo, B and Si additions. It has been shown
that the Cr and Al additions are intended to enhance the oxidation resistance, while the Si is
intended to provide oxidation and creep resistance through the formation of various refractory
metal silicides and Laves phases [18]. The silicide and Laves phases are intended to provide
high temperature strength and oxidation resistance while the ductile Nb solid solution is intended
to provide the alloy with tensile ductility and fracture resistance at ambient temperatures [18]. It
is known that the oxidation resistance of these multi-phase Nb-based alloys which is
substantially better than that of conventional Nb alloys is comparable to that of Ni-based
superalloys at 1000˚C. However, the oxidation resistance of the multi-phase Nb-based alloys is
still inadequate for structural materials in the range of 1200 to 1400˚C. In research done by Chan
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[17], he was able to conclude that the oxidation resistance of Nb-based alloys increased with
increasing Cr content in the Nb solid solution and decreasing volume fraction of the niobium
solid solution phase within the microstructure.
In recent studies large amount of research has been done on nickel aluminide and
titanium aluminide. These two materials show significant room temperature ductility in
comparison to other intermetallics, unfortunately the operating temperatures are typically limited
to less than 1000°C. Because of these results they provide little material advantage to compared
to typically used nickel based superalloys [20]. The multiphase intermetalllics based on the MoSi-B system have shown promising results with the formation of molybdenum silicides. MoSi2
has been studied extensively and has been found to have several significant applications. As
other research has alluded to MoSi2 possesses a number of unique properties that make it an
attractive high temperature material [20]. One of the most significant qualities is its ability to
withstand temperatures up to 1700°C. On the other hand there are drawbacks, low creep strength
at T > 1000°C, pest oxidation at moderate temperatures, and poor low temperature fracture
toughness are severe limitation and have been at the forefront of current research. The addition
of as little as 3at.% boron improved the oxidation resistance of Mo 5 Si3 by as much as five orders
of magnitude over a temperature range of 800 to 1500°C. The mechanism of oxidation protection
is the formation of a borosilicate glass scale that flows to form a passivation layer over the base
intermetallic [20-22]. It has been seen that the borosilicate scale which flows to form a coherent
protective scale prevents the oxygen flux to the alloy and occupy the pores left by the
volatilization of the MoO3 oxide.
NbCr2 based intermetallics have a high melting temperature of 1730˚C and a relatively
low density of 7.7 g/cm3, in addition alloys that contain the NbCr2 Laves phase have enhanced
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strength above 600MPa at 1200˚C. Because of these properties the Laves phase is favorable for
materials with high-temperature structural applications. Previous research has shown that the
oxide scale of NbCr 2 oxidizes at 1473K and had a structure of two layers: the outer layer was a
porous loose layer of Cr2O3 and the inner layer consisted of CrNbO 4 [23-25]. One of the
challenges that has risen in the research of the Laves phase is to control the breakdowns and
spallation by adding the proper alloying element. It has been found that aluminum additions can
significantly improve the resistance to spallation. By alloying Nb with other elements or
producing different phases the idea is to have the formation of a protective oxidation layer form
on the alloy at elevated temperatures in Wang’s study, A Diffusional Analysis of the Oxidation
of Binary Multiphase Alloys shows how difficult it is to characterize the oxide scale because
there is not a common mechanism for the scaling of a multiphase alloy [26].
Research conducted by Haizhong [18] shows the oxidation properties of NbCr2 are
significantly better than Nb5Si3 having a weight gain of ~3.0 g/cm2 after oxidation in air for 34
hours in air at 1200˚C. The NbCr2 phase evenly distributes itself with the solid solution phase
without forming any intermediate phases which allows for a wider range of alloying elements to
be chosen for the Nb-Cr system [26-28].

2.6 VOLATILIZATION OF OXIDES
There have been numerous studies done for the oxidation of superalloys, but the
emphasis has been placed primarily on the kinetics of the oxidation process and on the
characterization and morphology of the oxide scales. When Cr alloys are oxidized it has at times
been observed that Cr2O3 crystals deposit at cooler parts of the alloy, which indicates that Cr or
its oxide somehow evolves from the specimen and is transported through a phase [29, 30]. A
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factor that has the ability to destroy or improve the protective nature of the oxide scale is
volatilization. Volatilization increases significantly with gas flow rate and temperature, thus its
detrimental effects become more prevalent at high temperature, high flow such as in an airbreathing propulsion systems [15, 16]. Research that has been conducted on chromium
oxidation properties exhibits that chromium oxide vaporizes in air from 1000-1100˚C. [15-17].
When Cr2O 3 is heated above 1000°C in an oxidizing atmosphere it loses weight [31]. This
weight loss cannot be accounted for simply by taking into account the vaporization of the oxide
since this only happens when the specimen is exposed to an oxidizing atmosphere. Reported
values of the vapor pressure of Cr2O3 are too low to explain the amount of weight loss with in
specimens. Reduction of CrO3 to Cr2O3 will subsequently occur in cooler parts of the system
[29, 30]. Hagel, measured the rate of weight loss Cr 2O3 exposed to oxygen and found that the
weight loss may be expressed by:
(

)

Where the volatilization rate constant k v has a temperature dependence.
2.7 PEST OXIDATION
Accelerated and pest oxidation at low temperatures have been known for a long time in
refractory transition metal silicide such as NbSi2 [32,33]. Disintegration of a specimen from
bulk into powder happens after a certain period of exposure in air at a relatively low temperature
typically 1023K for NbSi2 and 773K for MoSi2 [34]. Many of the refractory metal silicides have
been observed to undergo pesting oxidation at low temperatures. There are several factors that
contribute to pesting such as composition, temperature, atmosphere and defects in the alloy such
as structural defects and imperfections such as pores and cracks in the bulk material on the
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catastrophic fragmentation. A direct mechanism for pest oxidation has yet to be determined and
most research done on this topic has focused on MoSi 2 [34].
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Chapter 3: Experimental Details
3.1 ALLOY FABRICATION

Three alloys, Nb-20Cr-10Si and Nb-20Cr-10Si-5Al, and Nb-25Cr-20Mo-15Si-15B (at%)
were selected for the study. They were fabricated in a high purity argon gas atmosphere
containing less than 2 ppm of oxygen using electric arc furnace on a copper hearth with a
tungsten electrode at Ames Laboratory of Iowa State University. The chamber of the arc furnace
was evacuated three times and zirconium buttons were placed inside to eliminate any residual
oxygen within the chamber. Each sample is then melted three times to ensure homogeneity
within the alloy. The samples were cut into 5x5x5mm cubes by electron discharge machining
(EDM). Alloy compositions are listed in table 3.1 in atomic percent.

Table3.1 Alloy composition in atomic percent.
Alloy

Niobium

Chromium

Silicon

Aluminum

Molybdenum

Boron

20-10

70

20

10

0

0

0

5Al

65

20

10

5

0

0

15B

25

25

15

0

20

15

3.2 SPECIMEN PREPARATION
Before the alloys underwent oxidation experiments several steps are taken to prepare the
specimen. All major surfaces of the sample were polished to a 600 grit finish using silicon
carbide paper to ensure any preexisting oxide layer has been removed. The samples are then
measured using a micrometer to an accuracy of 0.01mm to obtain the total surface area. After
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measurement the samples are ultrasonically cleaned in an ethanol bath to remove any silicon
carbide particles that may have contaminated the sample during polishing. The SiO2 based Leco
528 HP crucibles used for oxidation testing were baked at 300°C for three hours to remove any
moisture.

3.3 OXIDATION TESTING
Oxidation tests were conducted at temperatures ranging from 700 to 1400°C. The
samples were placed in the dried crucibles with a cap to prevent material loss during the
oxidation process. The initial and final weights of the alloy and crucible were taken using a
Sartorius Analytical balance, model MC2 10S, with a six decimal accuracy. The oxidation
kinetics of the three alloys was studied in static air using a programmable furnace, Sentro Tech
ST-1600-888. Two oxidation tests were performed; short term oxidation (STO) and long term
oxidation (LTO).

3.3.1 ISOTHERMAL TESTING
Isothermal oxidation testing was conducted on all three alloys in a temperature range of
700 to 1400 °C. The samples were placed in the furnace at the desired temperature for 24 hours
at a ramp up speed of 10°C/min and then furnace cooled. This type of oxidation test is to
simulate how the alloy will perform in the first 24 hours in service. After the isothermal testing
is complete the gravimetric method is the used to determine the oxidation behavior by evaluating
the weight gain per unit area as a function of temperature to determine the oxidation kinetics.
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3.3.2 CYCLIC TESTING
The cyclic tests were performed in the same temperature regime as in isothermal testing
from 700 to 1400°C. Cyclic testing was only performed on the Nb-25Cr-20Mo-15Si-15B alloy.
The samples were placed in the furnace and held at the desired temperature for 24 hours then
furnace cooled to ambient temperature. The samples were weighed before and after each 24
hours cycle. This process was then repeated for a total oxidation time of 7 days, 168 hours. The
gravimetric method is the used to determine the oxidation behavior by evaluating the weight gain
per unit area as a function of temperature to determine the oxidation kinetics. The oxidation
products for both isothermal and cyclic testing were collected in individual glass vials for each
alloy for further analysis.
3.4 SCANNING ELECTRON MICROSCOPY
Scanning electron microscope (SEM) is one of the methods used to characterize the
samples and their oxidation products after oxidation testing. A Hitachi S-4800 SEM with a
Robinson backscatter detector and EDAX detector for energy-dispersive spectroscopy (EDS)
were used in the characterization processes. Backscatter electron (BSE) images are very helpful
for obtaining high resolution compositional maps of a sample or for quickly determining
different phases. The backscatter detector detects secondary electrons to create atomic number
contrast in order to differentiate phases in multiphase systems. BSE is often used in conjunction
with spot probe analysis such as EDS. EDS is used to measure the energy of the x-ray emissions
produced as a result of a photoelectric interaction. The SEM was operated under standard
condition and EDS was operated under standarless conditions. They were run under an
acceleration voltage of 20KV and the probe current was set at 20μA . The working distance
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ranges from 15 to 20mm. EDAX 5.21 Genesis Imaging mapping software was also used at a
dwell time of 30seconds. Once the final weight of the alloys has been measured after STO or
LTO testing the samples are handled with care to avoid contamination and are mounted using an
epoxy Kold Mount resin and polished to a 1200 grit finish using silicon carbide paper.

3.5 X-RAY DIFFRACTION
X-ray diffraction (XRD) was used to identify the phases and their crystal structures
present in the alloy and the oxides with in the oxide products. The Bruker D8 diffractometer was
used with monochromatic Cu Kα (λ= 1.54056Å) radiation. The alloys were polished to 1200
grit finish on silicon carbide paper to analyze the metal while the oxide products were crushed
into a powder. The XRD analysis was performed under the following conditions: voltage of
40mA, scatter slit was 0.2mm, the divergence slit was 6mm, and a step size of 0.02mm.

3.6 PHASE DIAGRAM PREDICTION
PandatTM a thermodynamic calculation software utilizes Gibbs free energy curves to
predict and model the phases within the alloy system. The software was used to predict ternary
and quaternary systems for the three alloys being studied. Due to software limitation boron was
unable to be modeled for the 15B alloy. Isothermal sections for all alloys were constructed for
the as received sample and for a temperature range of 700 to 1400°C in 100°C increments.
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Chapter 4: Results and Discussion
4.1 AS-C AST C HARACTERIZATION OF NB-CR-SI WITH AL ADDITIONS
4.1.1 Isothermal Sections of the Nb-Cr-Si System with Al Addition
Figure 4.1 shows the isothermal sections that were created using Pandat TM for the Nb20Cr-10Si and the Nb-20Cr-10Si-5Al alloy systems where 5 at% was held constant. The
isothermal sections were calculated at a temperature of 25°C and 1atm. The phase diagram
sections were calculated because the information is essential in understanding phase stability of
each of the phases in the ternary system. It also identifies the conditions at which
thermodynamically distinct phases can occur at equilibrium. In Figure 4.1 the composition of
the alloy is highlighted by the blue square on the graph. The phases predicted by PandatTM for
the 20-10 alloy were Niobium solid solution (Nbss), Nb5Si3 (5-3 siliside), and Nb9Si2Cr3 (9-2-3
siliside). The phases predicted for the 5Al alloy were Niobium solid solution, Nb 5 Si3, Nb3 Al, and
the NbCr2 Laves phase.

Fig. 4.1 Isothermal Sections for the Nb-20Cr-10Si (20-10) and Nb-20Cr-10Si-5Al alloy
systems at room temperature.
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4.1.2 SEM As-Cast Characterization
Figure 4.2 is a backscatter SEM image of the as-cast microstructure of the Nb-20Cr-10Si
alloy. Figure 4.2a shows the abundance of the Nbss in the white region within the microstructure.
There appears to be a fine microstructure that cannot be resolved at lower magnifications. Fig.
4.2b is a high magnified image of Fig 4.1a. It is seen that there appears to be an additional
microconstituent that has a eutectic-like lamellar structure consisting of a mixture of three
phases: Nbss, NbCr2 , and Nb5 Si3. The microstructure does not contain the 9-2-3-silicide
predicted by PandatTM, however, it does contain Nb5Si3 (5-3 silicide), Nbss, and NbCr2 Laves
phase. The light grey region is representative of the 5-3 silicide while the dark grey area is
NbCr2 . The Niobium solid solution (Nbss) is shown by the white regions in the microstructure.
Fig. 4.2 c and d show the as cast microstructure of Nb-20Cr-10Si-5Al (5Al) isothermal
sections indicate 4 phases: Nbss, Nb3 Al, Nb9 Si2Cr3, and NbCr2. The as-cast alloy did not contain
Nb3 Al, or the 9-2-3 silicide, but is comprised of 5-3 silicide, Laves phase, and Nbss. With the
addition of 5at.% Al the formation of Nbss was suppressed within the alloy allowing the 5-3
silicide to be the dominant phase in the microstructure. The 5-3 silicide shows better oxidation
resistance than the Niobium solid solution. The 5-3 silicide is designated by the light grey
contrast, NbCr2 Laves phase has a dark grey contrast, and the white regions are Nb ss. The Nb20Cr-10Si alloy also shows the presence of eutectic-like lamellar microstructure that can be
observed, consisting of Nbss, Nb5 Si3 and NbCr2 . The discrepancies between the predicted
PandatTM phases and the actual phases identified within the alloys can be attributed to the nonequilibrium processing during the casting of the alloy [35].
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Fig. 4.2 a) Backscatter image of Nb-20Cr-10Si b) High mag image of the Nb-20Cr-10Si
alloy eutectic-like microstructure present c) Backscatter image of the Nb-20Cr-10Si-5Al
alloy d) High mag image of the Nb-20Cr-10Si-5Al alloy eutectic-like microstructure
present.
4.1.3 XRD As-Cast Characterization
An X-ray diffraction analysis was done on the as cast samples of the 20-10 and
5Al alloy to confirm the phases that were identified with SEM. Fig 4.3 shows the XRD pattern
for the 20-10 and 5Al alloy. The peaks that have been identified are corresponding to the phases
that were found during SEM and EDS analysis. The XRD runs with the latest diffraction data
software available, identifying three phases Nbss, Nb5 Si3, and NbCr2 .
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Fig. 4.3 As-Cast XRD scans for Nb-20Cr-10Si and Nb-20Cr-10Si-5Al.

4.2 SHORT TERM OXIDATION OF THE 20-10 AND 5AL ALLOYS
Isothermal tests were conducted for both alloys in a temperature range of 700 to
1400°C. The alloys were oxidized for 24 hours, and then the gravimetric method was used to
plot a graph between weight gain per unit area as a function of temperature. The graph seen in
Figure 4.4 depicts the short term oxidation curves (STO) for the 20-10 and 5Al alloy. The x-axis
represents the temperature in °C while the y-axis is representative of the weight gain per unit
area in g/cm2. In the range of 700 to 800°C it is seen that both the 20-10 and 5Al alloys suffer
from pesting an undesired oxidation mechanism. In the temperature range of 900 to 1000°C
both alloys completely oxidized suffering from catastrophic oxidation. The oxide product for
this temperature range was a bulky swollen oxide with a pyramid structure protruding from the
inside out toward each face of the alloy. The formation of the bulky swollen oxide may be
attributed to the presence of the base-centered and monoclinic forms of the Nb2O5 oxide that will
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be further discussed in later sections. It is seen that in the elevated temperature range of 1100 to
1300°C spalling of the oxide layer occurred for both alloys. The 20-10 alloy shows a greater
weight gain than the 5Al alloy in this temperature range indicating a better oxidation resistance
for the 5Al alloy. The spalling mechanism of oxidation occurs due to stresses generated oxide
growth as a result of differences in the coefficient of thermal expansion or molar volume
between the base metal and the oxide layer [18, 36]. The stresses that are created during
oxidation are released by the cracking of the oxide layer during the cooling process. Research
has reported that the addition of Al may significantly reduce spalling of the oxide and enhance
the oxidation resistance of niobium bases alloys. At 1400°C the alloys completely oxidized into
a bulky swollen oxide product in the same manner as the alloys in the 900 to 1000°C temperature
range.
Fig. 4.4 also shows the amount of metal in % to better understand the oxidation response
of the 2 alloys. The 20-10 alloy exhibits a slightly better oxidation resistance in the low
temperature range from 700 to 800°C with 90 to 80% metal left after oxidation. However, the
5Al alloy has about 90 to 70% metal remaining. For the 900 to 1000°C range there was no metal
left after the catastrophic oxidation occurred in both the 20-10 and 5Al alloys. This can be
attributed to the two crystalline forms of Nb2O5 that are present. From 1100 to 1400°C to the 2010 alloy displayed the most weight gain suffering from large amounts of spalling leaving 30 to
50% metal left. Once again at 1400°C the alloy was completely oxidized leaving no metal.
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Fig. 4.4 Short-term oxidation curves produced after 24 hours of oxidation in a temperature
range 700 to 1400°C.

4.2.1 SEM Characterization of Nb-20Cr-10Si and Nb-20Cr-10Si-5Al alloys
The alloys were characterized after oxidation testing by SEM backscatter and EDS
analysis. Fig. 4.5 represents backscatter SEM images of the microstructure of the 20-10 and 5Al
alloys after 24 hours exposed to 700°C. Fig. 4.5a depicts the 20-10 alloy and exposed no phase
change from the as cast structure. The microstructure contains the Nbss in white, while Nb5Si3 is
appreciated by the light grey contrast, and the Laves phase is seen in the dark grey contrast
regions. It is also important to note that the eutectic-like lamellar structure is still intact and is
comprised of a mixture of the three phases: Nbss, Nb5 Si3 , and NbCr2. Fig. 4.5b shows an SEM
image of the 5Al Alloy, there is not much change from the as-cast condition. When compared to
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the 20-10 alloy microstructure there is very little difference in the morphology of the phases.
The phases present in the 5Al alloy are the Nbss in the white regions, the light grey areas are
consistent with the 5-3 silicide, and the dark grey regions coincide with the Laves phase. The
eutectic like lamellar structure is also present and is a mixture of the three phases within the
alloy.

Fig 4.5 Microstructure after short term oxidation at 700°C both alloys exhibit a eutecticlike lamellar microstructure a) Nb-20Cr-10Si alloy identified phases: Nbss (white), NbCr2 (
dark grey), and Nb5 Si3(light grey) b) Nb-20Cr-10Si-5Al alloy identified phase: . Nbss
(white), NbCr2( dark grey), and Nb5Si3(light grey).

Fig. 4.6 shows the development of the Nb9 Si2Cr3 (9-2-3 silicide) it can be seen that at
800°C the presence of the 9-2-3 silicide was detected as predicted by Pandat TM in both alloys.
Fig. 4.6a shows the microstructure of the 20-10 alloy while Fig. 4.6b shows the 5Al alloy both
after undergoing STO at 800°C. The Nss, white region, NbCr2 dark grey region, and the light
grey 5-3 silicide phases persist in microstructures. The 9-2-3 silicide is represented by the shade
of grey slightly darker than the 5-3 silicide. However, the eutectic-like microstructure is still
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present in the 20-10 and 5Al alloys. In the 5Al sample there is an increase in the Nb solid
solution phase, Table 4.1 shows a comparison of phases confirmed by XRD for the 20-10 and
5Al alloys.

Fig. 4.6 Shows the development of the Nb9-Si2-Cr3 in the 20-10 and 5Al at 800°C a) Nb20Cr 10Si b) Nb-20Cr-10Si-5Al
Table 4.1 Comparison of phases confirmed by XRD analysis
Temperature °C
700
800

1100

1200
1300

Nb-20Cr-10Si
Nbss
NbCr2
Nb5Si3
Nbss
NbCr2
Nb5Si3
Nb9Si2Cr3
Nbss
NbCr2
Nb5Si3
Nbss
NbCr2
Nb5Si3
Nbss
NbCr2
Nb5Si3
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Nb-20Cr-10Si-5Al
Nbss
NbCr2
Nb5Si3
Nbss
NbCr2
Nb5Si3
Nb9Si2Cr3
Nbss
NbCr2
Nb5Si3
Nb9Si2Cr3
Nbss
NbCr2
Nb5Si3
Nbss
NbCr2
Nb5Si3

At 900, 1000, and 1400°C the specimen has undergone complete oxidation, and a bulky
oxide product was formed. This type of oxidation mechanism is not yet fully understood but
may be attributed to the presence of the two crystalline forms of the monoclinic and basecentered monoclinic forms of Nb2 O5 oxide causing the large volumetric expansion. XRD results
of the oxide products indicate the presence of both crystalline forms of Nb2 O5 depending on the
oxidation temperature.
At 1100°C Fig. 4.7 shows that for both alloys Nbss, NbCr2 , and the 5-3 silicide are
present with in the microstructure, however it is evident that dark black particles are formed in
the 5Al microstructure Fig. 4.7b signifying the development of internal oxidation. These
particles are present within the Nbss and also primarily at the interface of the 5-3 silicide and the
Laves phase. There has also been a phase transformation with in the alloy, the 9-2-3 silicide that
was present at 800°C is no longer detected at 1100°C seen in Figure 4.7a.

Fig. 4.7 SEM image of microstructure at 1100°C a) Nb-20Cr-10Si alloy 9-2-3 silicide no
longer present b) Shows the presences of internal oxidation
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Using X-ray mapping the black particles were identified and are shown in Fig. 4.8. The
EDS map was taken for the 5Al alloy at 1200°C. The EDS map shows an increase in
concentration of Al and O along the interface of the Nbss and Laves interface as well as the Nbss
and 5-3 silicide interface. The particles continue to form in the same fashion for the 5Al alloy at
1200 and 1300°C. The atomic ratio for the black particles was about 2Al to 3O by EDS analysis
for the black particles which is an indication of the formation of Al 2O3 .

Fig. 4.8 X-Ray map taken from Nb-20Cr-10Si-5Al at 1200°Cthe dark particles correspond
to aluminum and oxygen confirming the presence of Al 2O3.

The growth of the internal Al2O3 oxide continues to increase with an increase in oxidation
temperature. Fig. 4.9 shows the microstructures for both 20-10 and 5Al alloys at 1200°C. It is
also noted in Fig. 4.9 that for the 10-20 alloy the presence of the eutectic like lamellar
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microstructure continues to increase. Three phases are present the Nbss, Nb5 Si3 and NbCr2. In
Figure 4.9b it is difficult to detect the 5-3 silicide, it is present within the eutectic like
microstructure.

Fig. 4.9 SEM images of the microstructure after STO testing at 1200°C shows the increase
of the eutectic-like lamellar microstructure a)Nb-20Cr-10Si b) shows the continued growth
of Al2O3 internal oxide.

The microstructures after short term oxidation testing at 1300°C do not show a change
from 1200°C and the same phases are present within both 20-10 and 5Al and can be seen in Fig.
4.10. It is important to note that the alumina that is forming as an internal oxide continues to be
present at the interfaces of the 5-3 silicide and Nbss and the Laves phase and Nbss. To further
analyze and understand the growth of the Al2 O3 internal oxide the content of aluminum was
taken for each phase of the 5Al alloy at each temperature. A significant feature of the 5Al alloy
is the formation of Al2O3 dispersed throughout the microstructure starting at 1100°C, which is an
indication of internal oxidation. Al2O3 is intended to form a continuous protective layer around
the alloy, for this to occur there must be a sufficient amount of aluminum within each phase
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present in the alloy [19]. Table 4.2 shows the analysis of the Al content in each of the phases.
The Al content steadily increases in the Nbss. The aluminum content in the Laves phase
decreases at the two lowest temperatures and increases from 800 to 1100°C, having no
systematic pattern. 1100°C is the temperature at which Al2O3 begins to form at the interface
between laves phase and Nbss. The Al content in the 5-3 silicide exhibits a decrease from 700 to
1100°C followed an increase from 1200°C to 1300°C at 1100°C. The steady decrease of the Al
content within the 5-3 silicide and the steady increase in the Nbss indicates the diffusion of Al
from the 5-3 silicide to the solid solution. The transfer of Al from the 5-3 silicide to the solid
solution phase explains the cause of the nucleation of Al2O3 at the interface. There was no
significant change in the Al content within the 9-2-3 silicide. Previous studies of the Nb-Cr-Al
system report that the formation of Al2O3 is preferred to that of Nb2O5 involving volume
expansion of only 4.9%, and 169% in the case of Nb2O5 [19].

Fig. 4.10 SEM image of the microstructure after STO testing at 1300°C a) Nb-20Cr-10Si b)
Nb-20Cr-10Si-5Al continues to exhibit internal oxidation.
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Table 4.2 Aluminum Content

Temperature °C

Nbss

NbCr2

Nb5Si3

Nb9Cr2Si3

700

1.89

1.74

1.91

-

800

1.96

1.55

1.8

1.88

1100

1.99

2.25

1.47

1.74

1200

2.02

1.98

1.53

-

1300

.74

2.06

2.26

-

Due to severe pest damage at 700°C an oxide layer could not be resolved because the
oxide disintegrated into a fine powder leaving no scale on the alloy. At 800°C an adherent oxide
scale began to form for both the 20-10 and 5Al alloy and can be seen in Figure 4.11. Fig 4.11a
shows the oxide metal interface for the 20-10 alloy at 800°C and is well adherent to the base
metal, and for the 5Al alloy, shown in Fig. 4.11b, the oxide scale is not continuous and a crack is
developed between the base metal and the oxide. The oxide/metal interfaces for the 20-10 alloy
developed after undergoing STO for 24hrs in the temperature range of 1100 to 1300°C are
shown in Fig 4.12 for the 20-10 alloy. Figure 4.13 shows the developed oxide/metal interfaces
for the 5Al alloy in a temperature range of 1100 to 1300°C. In both alloys cracking along the
metal interface can be observed, which resulted in a weak bonding of the scale to the alloy. The
dominating oxide within the scale at 1200°C for the 20-10 alloy and 5Al is Nb2O5 in both forms,
monoclinic and orthorhombic. The oxide scale developed on both alloys is shown to contain
unreacted NbCr2.
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Fig. 4.11 SEM backscatter images of the oxide/metal interface at 800°C a) Nb-20Cr-10Si
shows a continuous oxide layer b) Nb-20Cr-10Si-5Al is not well adhered to the base metal
and shows cracking of the oxide.
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Fig. 4.12 BSE images of the 20-10 alloy oxide/metal interface in a temperature range of
1100 to 1300°C a) cross-section of the oxide interface at 1100°C, cracking is seen along the
metal interface indicating spalling of the oxide layer b) oxide/metal interface at 1200°C
spalling of the oxide is evident by the crack along the base metal c) oxide/metal interface at
1300°C shows a less continuous oxide layer that is not well adhered to the metal.
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Fig. 4.13 BSE images of the 20-10 alloy oxide/metal interface in a temperature range of
1100 to 1300°C a) cross-section of the oxide interface at 1100°C, cracking is seen along the
metal interface indicating spalling of the oxide layer b) oxide/metal interface at 1200°C
shows a well adherent oxide scale c) oxide/metal interface at 1300°C shows cracking within
the oxide scale indicating spalling of the oxide.

4.3 XRD CHARACTERIZATION OF THE NB-20CR-10SI AND NB-20CR-10SI-5AL ALLOYS
To further characterize the oxide products and the phases with in the alloys after short
term oxidation testing X-ray diffraction was utilized. It is noted that the Nb2 O5 oxide transforms
from the orthorhombic to the monoclinic form in both alloys. For the 20-10 and 5Al alloy XRD
results show that in the low temperature regimes the orthorhombic form of Nb2O5 is present and
is seen in Fig.4.14 and 4.15 . However, for the 5Al alloy Nb2O5 changes to the monoclinic form
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at 1100°C and stays constant at the high temperatures. The 20-10 alloy shows a change to
monoclinic Nb2O5 in the intermediate temperature range starting at 900°C. For both alloys
CrNbO4 has been identified at all temperatures. It must be noted that Nb 2O5 undergoes a
polymorphic change, while low and high temperature forms consist of orthorhombic and
monoclinic [14], respectively, in both alloys.

Fig. 4.14 X-ray diffraction patterns for the Nb-20Cr-10Si alloy after 24 hours isothermal
testing.
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Fig. 4.15 X-ray diffraction patterns for the Nb-20Cr-10Si-5Al alloy after 24 hours
isothermal testing.

4.4 AS-C AST C HARACTERIZATION OF THE NB-25CR-20MO-15SI-15B IN COMPARISON TO THE
NB-25CR-20MO-15SI-15B ALLOY SYSTEMS
4.4.1 Isothermal Sections For the Nb-Cr-Mo-Si-B Alloy System
PandatTM was used to create the isothermal section for the Nb-Cr-Mo-Si alloy in at a
temperature of 25°C for the third alloy composition in table 3.1. It is important to note that the
boron addition was not taken into consideration in the calculated isotherm due to software
limitations. Three stable phases were predicted at this condition CrNbSi, NbCr2, and Nbss. Fig.
4.16 shows the calculated isotherm with corresponding phase
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Fig 4.16 Isothermal section of the Nb-Cr-Mo-Si at 25°C

4.4.2 SEM Characterization of Nb-Cr-Mo-Si-B Systems
As-cast samples were characterized using SEM backscatter analysis. Fig. 4.17 shows the
morphologies and phases within the Nb-25Cr-20Mo-15Si-10B (10B) and Nb-25Cr-20Mo-15Si15B(15B). There were two common phases the NbCr 2 Laves phase and Nb5 Si3 the 15B alloy has
a third phase consisting of a solid solution. The 10B alloy appears to have a large fraction of 5-3
silicide present with in the microstructure while the 15B alloys has distribution of 5-3 silicide
laves phase and small fractions of solid solution distributed within the 5-3 silicide. The phases
were also confirmed using x-ray diffraction the spectra can be seen in figure 4.18.
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Fig. 4.17 Backscatter micrographs of the As-Cast microstructure a) Nb-25Cr-20Mo-15Si10B b) Nb-25Cr-20Mo-15Si-15B

4.18 XRD spectra for the as –cast condition of the 10B and 15B alloys.
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4.5 SHORT-TERM OXIDATION OF THE NB-CR-MO-SI-B SYSTEM
Isothermal sections were created for a temperature range of 700 to 1400°C using
PandatTM. Due to the constraints of the data base software boron was unable to be taken account
for. Fig. 4.19 shows the calculated isothermal sections for temperatures 700 to 1400°C it is seen
that there is no phase transformation with in this temperature range. The calculated phase
diagrams show the formation of three stable phases: Nbss, NbCrs, and Nb5Si3.

Fig. 4.19 Isothermal sections showing no phase change in a temperature range of 700 to
1400°C for a Nb-Cr-Mo-Si system.
Short term oxidation testing was completed on the Nb-25Cr-15Si-20Mo-15B alloy and
was compared to a previous study by Benedict Portillo and S.K Varma [37]. Short term
oxidations results for both alloys in terms of weight gain per unit area as a function of
temperature are presented in Figure 4.20. Initial observation indicate that the 10B alloy
performed better exhibiting less weight gain but there is a negative mass gain at 800°C and
1000°C. From 900 to 1100°C 15B did not indicate a major weight gain performing better than
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the 10B alloy in that temperature range. At 1200°C both alloys see an increase in weight gain
where the 15B alloy performs better from 1300 to 1400°C exhibiting less weight gain. The mass
loss at 800°C may be attributed to the volatilization of molybdenum which has been reported to
volatilize around 800°C. Chromium volatilizes around 1000°C and may be the reason for the
mass loss at 1000°C. Both the 10B and 15B alloy follow a similar oxidation behavior both
alloys had about 95 to 80% metal left after being exposed to temperature range of 700 to 1400°C
for 24 hours.

Fig. 4.20 STO curve for 10B and 15B alloys in a temperature range of 700 to 1400°C
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The oxide Scale at 700°C could not be developed for the 10B alloy there was no oxide
metal interface when the sample was sectioned and polished. However, the 15B showed a very
discontinuous layer presented in figure 4.21. The identified oxides were CrNbO 4, SiO2, and
Nb2O5. It is also observed that the oxide layer did not adhere well to the base metal exhibiting
cracking along the oxide metal interface.

Fig. 4.21 SEM backscatter image of the oxide metal interface at 700°C for the 15B alloy.
The oxide scales for 800°C on both the 10B and 15B alloy are not continuous and can be
observed in Figure 4.22. The cracks that are seen at 800°C are believed to have formed during
cooling as a result of internal stresses from oxide growth since there is no oxide that has grown at
the site of the crack. At 900°C the 10B shows oxide formation occurring in selective regions
rather than continuously while the 15B does not exhibit oxide formation at the surface seen in
Fig. 4.22. At 1000°C more continuity is observed in the oxide scale developed on the 10B alloy
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and the identified oxides are CrNbO4 and Nb2O 5. SiO2 has also been detected within the oxide
scale but is not forming along the oxide metal interface. Fig. 4.23 presents the oxide scales
formed from 1100 to 1300°C for both the 10B and 15B alloys. The oxides on the 10B alloy
begin to for an intermediate oxide zone. For the 15B alloy this intermediate layer begins to form
at 1200°C and remains constant through 1400°C. The formation of this intermediate oxide layer
has yet to be completely understood but is believed to be attributed to the outward diffusion of
chromium from the alloy. In previous studies it has been reported that when the NbCr 2 phase
oxidizes its outward diffusion of chromium is faster than that of Nb [38]. The 10B and 15B
alloy show the CrNbO4 , Nb2O5, and SiO2 oxides are forming above the intermediate oxide layer.
The 10B additionally shows the development of a molybdenum solid solution along the
intermediate oxidation layer that is not detected in the 15B alloy which may have been
suppressed by the addition of 5at.% of boron. Crack formation persists at metal oxide interface
for the 10B alloy at 1200 and 1300°C occurring during the cooling process of oxidation. It is
also important to note that there was no oxide formation with in the cracks. At 1200 and 1300°C
for the 15B alloy there are no cracks along the oxide metal interface and the oxide shows good
adherence to the metal. The STO curves shows weight loss at 1400°C which may be attributed
to the volatilization of oxides. Fig. 4.24 shows the oxide scales for 1400°C. Both alloys show
the intermediate oxidation layer as it has grown to be considerably thicker than that observed at
1200 and 1300°C with respect to the oxide layer in that temperature range. An increased layer of
SiO2 can be detected above the intermediate layer for the 10B and 15B alloys. The oxide scale is
mainly comprised of CrNbO4 and decrease in the amount of Nb2O5 in the 10B oxide layer. The
addition of molybdenum and boron to the Nb-Cr-Si system may be suppressing the formation of
the base-centered monoclinic form of Nb2O5 and only forming the high temperature monoclinic
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form of the oxide. As seen in the earlier section 4.2.1 the Nb-20Cr-10Si alloy completely
oxidized into a bulky swollen oxide at 900, 1000, and 1400°C because of the presence of the
base-centered and monoclinic forms of Nb2O5 this behavior was suppressed by Mo and B
additions.

Fig. 4.22 Oxide/Metal interfaces collected at 800, 900, and 1000°C developed in back scatter
imaging mode.
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Fig. 4.23 Oxide/Metal interfaces collected at 1100, 1200, and 1300°C developed in back
scatter imaging mode.
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Fig. 4.23 Backscatter micrographs of the oxide/metal interface after short term oxidation
testing both exhibiting an intermediate oxide layer a) 10B alloy b) 15B alloy
XRD confirmed two common oxides in the studied temperature range which include
Nb2O5 and CrNbO4. There was no indication of the presence of molybdenum based oxides
which may be attributed to the volatile nature of MoO 3 oxide [39, 40]. This may also be that
case with boron oxides not being present, which has been reported to volatilize at 1000°C.

4.6 LONG TERM CYCLIC OXIDATION OF THE NB-CR-MO-SI-B SYSTEM

The cyclic oxidation behavior of the Nb-Cr-Si-Mo-Cr system has been investigated at
700, 1000, 1300, 1400°C in terms of the change in weight gain per unit area with respect to time.
The cyclic oxidation was carried out in 24 hour intervals for a total of 168 hours. Both alloys
showed promising results after undergoing short term oxidation testing and were subject to a
temperature range of 700 to 1400°C for cyclic oxidation. The results of long term cyclic
oxidation for the 10B are shown in Fig. 4.24 and Fig. 4.25 for the 15B alloy. Fig 4.26 shows a
comparison of the 4 different temperatures between the 10B and 15B alloys.
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Fig. 4.24 700, 1000, 1300, and 1400°C long term cyclic oxidation results for the 10B alloy.

Fig 4.25 700, 1000, 1300, and 1400°C long term cyclic oxidation results for the 10B alloy.
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Fig. 4.26 Shows the comparison of long term cyclic oxidation results for temperatures of
700, 1000, 1300, 1400°C for the 10B and 15B alloy.
The cyclic oxidation comparison reveals that at 700 and 1000°C both alloys follow a
linear trend and exhibit the best oxidation resistance. However, the 10B alloy at 1000°C displays
the best oxidation resistance experiencing the least amount of weight gain over a period of 168
hours. The addition of molybdenum and boron to the Nb-Cr-Si suppresses pesting in the lower
temperature range. In the intermediate temperature range of 1000°C the additions of Mo and B
were also beneficial eliminating the bulky swollen oxide formation. At 1300°C the 15B alloy
had a better oxidation response with less weight gain compared to the 10B alloy where both alloy
curves seem to follow a parabolic trend. The 10B alloy was reported not to have any pesting or
spalling of the oxide layer and had approximately 60% metal left. The 15B alloy at 1300°C had
a similar response showing no pesting or spalling of the oxidation product however there was
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about 85% metal left after 168 hours of cyclic testing. This indicates the addition of 5at.% B to
be beneficial at this temperature. At 1400°C the 10B and 15B alloys again have a similar
oxidation response exhibiting a parabolic trend. Previous researcher Benedict Portillo has
reported that after 96 hours of cyclic oxidation the 10B alloy has about 45% metal left while the
15B alloy is seen to have approximately 75% metal left
The oxide scales for the 10B and 15B alloy were observed using SEM backscatter
imaging and can be seen in fig. 4.27 in a temperature range of 1300 to 1400°C. The oxide scale
on the 10B alloy showed no spalling of the oxide. The 15B alloy had a similar continuous oxide
scale. Fig. 4.27 shows that CrNbO 4 , Nb2O5, and SiO2 are present with in the oxide layer in both
10B and 15B alloys. Fig. 4.27 also indicates in parenthesis the intermediate oxidation layer that
has formed. EDS and X-ray mapping analysis were utilized to further understand the oxide
metal interface and can be seen in figure 4.28 at 1300°C. At this temperature the intermediate
zone is seen to be Cr depleted suggesting that there may be volatilization of oxides and the
reason for weight loss. The formation of SiO2 can be confirmed with EDS mapping in Fig. 4.28,
showing a high contrast of Si (red) in the dark black regions of the oxide scale. The formation of
the desired intermediate layer of borosilicate was not detected.
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Fig. 4.27 Shows backscatter SEM micrographs of the oxide metal interface at 1300°C and
1400°C a) Nb-25Cr-15Si-20Mo-10B at 1300°C b) Nb-25Cr-15Si-20Mo-15B at 1300°C c)
Nb-25Cr-15Si-20Mo-10B at 1400°C d) Nb-25Cr-15Si-20Mo-15B at 1400°C
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Fig 4.28 X-ray map of 15B alloy at 1300°C.
X-ray diffraction analysis was also performed on the oxide layer for both the 10B and
15B alloy after long term cyclic oxidation testing. The XRD spectra for the 10B and 15B alloy
can be seen in Fig. 4.29 and Fig 4.30 at 700, 1000, and 1300°C. Two common oxides are
present within the oxide scale: CrNbO4, and the high temperature monoclinic form of Nb2O5 . It
is important to note that the intensity of the Nb2O5 peaks decreases as a function of temperature.
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Fig. 4.29 XRD spectra collected for the 10B alloy oxide products at 700, 1300, and 1400°C.
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Fig. 4.30 XRD spectra collected for the 15B alloy oxide products at 700, 1300, and 1400°C.
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Chapter 5: Conclusions
5.1 THE EFFECT OF THE AL ADDITION ON THE NB-20CR-10SI SYSTEM:

1. The as-cast microstructures for the Nb-20Cr-10Si and Nb-20C-10Si-5Al alloys both consists
of the same three common phases: Nb solid solution, NbCr 2 Laves, Nb5Si3 silicide phase. The
phases differed from that predicted by the PandatTM software which may be attributed to nonequilibrium casting conditions.
2. After undergoing 24 hours of static oxidation testing (STO) the 20-10 and 5Al alloy suffered
from pest oxidation in the lower temperature range of 700 to 800°C. The 20-10alloy showing
better oxidation resistance in this temperature range exhibiting less weight gain.
3. At 900, 1000, and 1400°C the 20-10 and 5Al alloys both suffered from catastrophic oxidation
that resulted in a bulky swollen oxidation product. The formation of this swollen oxide ha s been
attributed to the presence of crystalline form of Nb2O5: base-centered monoclinic and high
temperature monoclinic Nb 2O5.
4. The Nb9 Si2Cr3 phase was observed in the Nb-20Cr-10Si alloy at 800°C and 1100°C however,
it was unable to stabilize at any other temperature range. With the addition of more Cr this phase
may be able to form throughout the entire temperature range. Nb9Si2Cr3 is a desired silicide
providing better oxidation resistance than the Nb5Si3 silicide.
5. It is seen that in the elevated temperature range of 1100 to 1300°C spalling of the oxide layer
occurred for both alloys. The 20-10 alloy shows a greater weight gain than the 5Al alloy in this
temperature range indicating a better oxidation resistance for the 5Al alloy. The addition of
aluminum greatly decreased the amount of spallation in this temperature range of the 5Al alloy.
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6. Internal oxidation occurred in the 5Al alloys most prominently at 1100°C. The phase at which
the Al concentration was highest is along which the formation of Al2O3 was observed. In this
case the Al2O3 internal oxide was most dominant along the interface of the 5-3 silicide and Nbss.
5.2 EFFECT OF MO AND B ON NB-25CR-20MO-15SI-10B AND NB-15CR-20MO-15B
1. The as-cast microstructure for the 10B alloy and 15B alloy consisted of two common phases:
Nb5Si3, and NbCr2 Laves phase. The 15B alloy had an additional micro constituent of Nb ss.
2. The 10B alloy and 15B alloy underwent STO testing for a period of 24 hours and both
exhibited excellent oxidation resistance. They follow a similar oxidation behavior both had
about 95 to 80% metal left after being exposed to temperature range of 700 to 1400°C. The short
term oxidation results indicate that the addition of boron resulted in higher oxidation resistance
in the higher temperature range of 1300 to 1400°
3. An intermediate oxide layer began to develop for the 10B alloy after STO at 1100°C.
However, intermediate oxide layer formed at 1200°C for the 15B alloy.
4. After 168 of cyclic oxidation testing it is apparent that the 10B and 15B alloy have a similar
oxidation response with the addition of higher boron content slightly increasing the oxidation
resistance of the 15B alloy. The increased boron content also suppressed pesting in the lower
temperature range of 700 to 800°C. However, the desired borosilicate intermediate oxidation
layer could not be confirmed even with the increase in boron.
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